Inhibiting albumin glycation in vivo ameliorates glomerular overexpression of TGF-beta1. by 홍순원
Kidney International, Vol. 61 (2002), pp. 2025–2032
CELL BIOLOGY – IMMUNOLOGY – PATHOLOGY
Inhibiting albumin glycation in vivo ameliorates glomerular
overexpression of TGF-1
MARGO P. COHEN, FUAD N. ZIYADEH, SOON WON HONG, CLYDE W. SHEARMAN,
ELIZABETH HUD, GREGORY T. LAUTENSLAGER, M. CARMEN IGLESIAS-DE LA CRUZ,
and SHELDON CHEN
Institute of Metabolic Research and Exocell, University City Science Center, and Renal-Electrolyte and Hypertension Division,
Department of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USA
Inhibiting albumin glycation in vivo ameliorates glomerular Hyperglycemia and the consequent accelerated non-
overexpression of TGF-1. enzymatic glycation of proteins are important risk factors
Background. Glycated albumin has been causally linked to in diabetic nephropathy [1–3]. In diabetes, serum enter-the pathobiology of diabetic renal disease through its ability
ing the glomerular capillary bed contains increased con-to stimulate the expression of transforming growth factor-1
centrations of albumin modified by Amadori glucose ad-(TGF-1), activate protein kinase C (PKC) and extracellular
signal-regulated kinase (ERK), and promote production of ducts, the principal circulating glycated protein [2–5]. In
extracellular matrix proteins in cultured glomerular cells. renal glomerular mesangial and endothelial cells, Ama-
Whether glycated albumin modulates glomerular TGF-1 ex- dori-modified glycated albumin stimulates the expres-pression in vivo is not known. To address this issue, we assessed
sion of the fibrogenic transforming growth factor-1glomerular TGF-1 expression and pathology in response to
(TGF-1) and its primary signaling receptor, the TGF-reducing the burden of glycated albumin in vivo.
Methods. We measured serum glycated albumin, urine pro- type II receptor, activates protein kinase C (PKC) and
tein, glomerular TGF-1 expression and morphometry, and col- extracellular signal-regulated kinase (ERK), and in-
lagen IV and fibronectin mRNA in db/m and db/db controls creases production of the extracellular matrix (EMC)and in db/db mice treated for eight weeks with a synthetic com-
proteins fibronectin and type IV collagen [6–13]. Thesepound that inhibits the condensation of glucose with albumin.
effects on ECM proteins synthesis and cytokine expres-Results. In situ hybridization studies showed markedly in-
creased glomerular TGF-1 mRNA in control db/db mice, sion and activity are observed in physiologic (5.5.
which was significantly reduced in db/db mice treated for eight mmol/L) glucose concentration with concentrations of
weeks with test compound. The treatment protocol, which nor-
glycated albumin that are found in clinical specimens,malized serum glycated albumin, concomitantly reduced the
and are not observed with the nonglycated counterpart.elevated protein excretion and the renal overexpression of
mRNAs encoding fibronectin and collagen IV, and significantly Additionally, glycated albumin can stimulate H2O2 pro-
decreased the mesangial matrix expansion, observed in db/db duction (abstracts; Aggarwal et al, Clin Res 40:179A,
control animals. 1992; Daniels et al, J Am Soc Nephrol 4:791A, 1993),
Conclusions. These findings, to our knowledge, provide the
promote glomerular hyperfiltration [14], and increase thefirst evidence that glomerular overexpression of TGF-1 in
expression of nitric oxide synthase and the production ofdiabetes derives at least in part from elevated glycated albumin
concentrations, and can be partially suppressed by inhibiting nitric oxide [15]. The concentration of Amadori-modi-
the formation of this glycated protein. The results further sug- fied albumin is independently associated with diabetic
gest that glycated albumin has an important nephropathogenic nephropathy [16], and localization of the glycated pro-role in diabetes that is operative, and can be therapeutically
tein in glomeruli of patients with diabetic nephropathyaddressed, independent of glycemic status.
corresponds with the severity of renal involvement [17].
These studies have provided evidence that increased gly-
cated albumin is an important contributor to the devel-
opment of diabetic nephropathy, an interpretation that
is supported by experimental results showing that treat-Key words: diabetic nephropathy, transforming growth factor-1, gly-
cated albumin, db/db mouse, hyperglycemia. ment of diabetic db/db mice with monoclonal antibodies
that neutralize deoxyfructosyllysine epitopes in glycatedReceived for publication October 8, 2001
albumin ameliorates the characteristic renal structuraland in revised form January 7, 2002
Accepted for publication January 8, 2002 and functional abnormalities [18–20].
Although the in vitro studies summarized above sug- 2002 by the International Society of Nephrology
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gest that increased glycated albumin helps promote the shown to bind to well-characterized sites in serum albu-
min and render susceptible ε-amino groups inaccessibleglomerular overexpression of TGF- that is observed in
diabetes [21–23], direct evidence supporting this rela- for condensation with free reducing sugar, but lacks the
2,6 dichloro substitution required for inhibition of cyclo-tionship in vivo is lacking. To examine this hypothesis, we
assessed glomerular TGF-1 expression in db/db mice oxygenase (COX) [24–26]. We confirmed low COX in-
hibitory activity by incubating COX-1 purified from ramafter treatment with a compound that impedes the con-
densation of glucose with albumin. We report that re- seminal vesicles in the presence of cofactors, substrate,
and 0 to 1000 mol/L of compound, and measuring theducing the burden of glycated albumin by inhibiting its
formation, even in the presence of hyperglycemia, sig- peroxidase activity according to the vendor’s instructions
(Cayman Chem Co., Ann Arbor, MI, USA). The IC50nificantly decreases glomerular TGF-1 expression and
associated pathobiologic abnormalities. To our knowl- for COX inhibition of 23CPPA was 600 mol/L, com-
pared to an IC50 of 1 mol/L for diclofenac assayed byedge, this is the first in vivo study demonstrating a causal
link between glycated albumin and TGF-1-stimulated the same procedure. The ability of the compound to
inhibit the nonenzymatic glycation of albumin in vitroglomerulosclerosis.
was tested by incubating 0 to 1000 mol/L of 23CPPA
with serum albumin for two days at room temperature
METHODS
in the presence of 50 mmol/L glucose in buffered saline,
Experimental animals and determining the amount of glycated albumin formed.
This was accomplished by processing the reaction mix-The studies were performed in male diabetic db/db
mice and age-matched male nondiabetic db/m mice (Jack- tures through Amicon filters to remove free glucose and
compound, followed by application to phenylboronateson Laboratory, Bar Harbor, ME, USA) that were pro-
vided food and water ad libitum. At baseline, midpoint agarose (PBA) to separate nonglycated (unbound) from
glycated (bound) albumin. The albumin concentrationand completion of the experimental protocol, blood was
obtained from the retro-orbital sinus for measurement in the bound fraction, eluted with 0.1 mol/L sorbitol,
was measured by immunoassay with anti-human albuminof glucose and glycated albumin and 24-hour urines were
collected for measurement of albumin excretion. specific antibody [27]. The IC50 for inhibition of albumin
glycation by test compound in this assay was 1 mol/L.
Treatment protocol
Analytical and immunoassay proceduresDiabetic mice were divided into two groups of six, one
of which received test compound and the other serving Glucose was determined by the glucose oxidase method
(Sigma, St. Louis, MO, USA). Urine albumin was mea-as the diabetic control. Compound was administered by
gavage for eight consecutive weeks at a dose of 10 mg/kg sured with a competitive enzyme-linked assay that has
been described previously [19]. Serum concentrations ofbody wt/day, commencing when animals were 8 weeks
old. Control diabetic and nondiabetic mice received daily glycated albumin were measured after affinity chroma-
tography on PBA as described above, with determina-saline gavage for the same 8-week period. At the conclu-
sion of the treatment period, one kidney from each ani- tion of the albumin concentration in the 0.1 mol/L sorbi-
tol elution by immunoassay specific for mouse albumin.mal was harvested for RNA extraction from renal cortex
(separated by gross dissection), with a portion of the
RNA hybridization analysissnap frozen specimen reserved for in situ hybridization
studies. The other kidney was fixed by immersion in 10% Northern analysis. RNA extracted from snap-frozen
renal cortex was prepared as previously described [9,neutral buffered formalin and embedded in paraffin for
histologic examination. 10, 19].
Total RNA (20 g from each animal) was electropho-
Preparation and analysis of test compound resed on 1.2% agarose gels, transferred onto nylon mem-
branes, and ultraviolet wave cross-linked. Integrity andThe compound (23CPPA) was synthesized via conden-
sation of 2-bromophenylacetic acid with a chloro-substi- equal loading of the samples were assessed by methylene
blue staining of the transferred RNA. The membranestuted aniline and purified through filtration, organic ex-
traction and crystallization by described techniques [24]. were hybridized with 32P-labeled cDNA probes encoding
fibronectin and 1(IV) collagen as described [9, 10, 19].It migrated as a single spot on silica gel thin layer chroma-
tography, exhibited appropriate aromatic and acid pro- After hybridization, blots were washed for ten minutes in
2 standard sodium citrate (SSC) at room temperature,tons on nuclear magnetic resonance (NMR), and had the
correct composition on elemental analysis (C14H12ClNO2), then for five minutes in 2  SSC/1% sodium dodecyl
sulfate (SDS) at 62C, then for five minutes in 0.1 with a molecular weight of 261.7 and a melting point of
102C. This compound is in the same structural class as SSC/0.1% SDS at 62C. The membranes were autoradio-
graphed with intensifying screens at 70C for up to tenthe anti-inflammatory agent diclofenac, which has been
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Table 1. Experimental animal datadays. Blots were then stripped for two hours at 62C
with 5 mmol/L Tris, 0.2 mol/L ethylenediaminetetra- Glucose
Age Group Body wt g mmol/L Kidney wt mgacetic acid (EDTA; pH 8.0), and 5% sodium pyrophos-
8 weeks* db/db control 38.71.2a 18.12.0aphate, and subsequently rehybridized with cDNA frag-
db/db treated 37.81.0a 17.51.8ament encoding an RNA standard (mouse ribosomal
db/m control 20.00.5 5.80.7
protein L32; mrpL32) [28]. Exposed films were scanned 12 weeks db/db control 37.72.0a 23.52.3a
db/db treated 35.11.0a 24.32.1awith a laser densitometer, and mRNA levels were calcu-
db/m control 26.20.7 6.00.8lated relative to those of the loading standard.
16 weeks db/db control 34.53.3a 27.82.2a 46528a,b
TGF-b1 in situ hybridization. The mouse TGF-1 db/db treated 33.60.9a 26.93.0a 42821a
db/m control 27.50.4 6.10.7 35310cDNA was subcloned into pcDNA 3 vector (Invitrogen)
and linearized with NotI for antisense and HindIII for * Eight week values are baseline (pre-treatment). Groups included: db/db and
db/m control, saline gavage; db/db treated, 10 mg/kg/day test compound by ga-sense orientation [21]. The linearized plasmids were gel
vage; N 	 6 in each experimental group.
isolated, and the transcription reaction for nonisotopic a P 
 0.05 vs. db/m
b P 
 0.05 vs. db/db treatedlabeling of riboprobe was performed according to the
manufacturer’s instructions (Boehringer Mannheim).
The mixture of digoxigenin labeling (50 L) included
1 g template cDNA, 2 L NTP labeling mixture, 2 L investigators using light and/or electron microscopic
transcription buffer, 1 L RNase inhibitor, and 2 L T7 methods. Increased mesangial fractional volume is a bet-
or SP6 polymerase. Transcription was performed for two ter indicator of declining filtration function than is width
hours at 37C followed by digestion with 2 L RNase- of the glomerular basement membrane [29–32].
free DNase for 15 minutes at 37C. The riboprobe was
purified with spin columns. For in situ hybridization,
frozen kidney sections (5 m) were overlaid with 30 L RESULTS
of hybridization buffer containing the labeled RNA Animal characteristics
probe and incubated at 58C overnight in a humid cham-
The db/db diabetic mutant mouse develops hypergly-ber. After hybridization, sections were washed once
cemia associated with obesity and insulin resistance a fewin 2  SSC at room temperature for 30 minutes, once
weeks after birth, and exhibits pronounced glomerularin 2  SSC at 65C, and once in 0.1  SSC at 65C.
mesangial expansion by age 16 weeks [18, 19, 33–35].Slides were equilibrated with buffer I (100 mmol/L Tris
General characteristics of the experimental animals usedHCl/150 mmol/L NaCl, pH 7.5) for five minutes. Anti-
in the present study conformed with those known to bedigoxigenin antibody conjugated to alkaline phosphatase
associated with this model (Table 1). The diabetic db/db(1:5000) was applied to the slides and incubated in a
mice were obese and hyperglycemic at the start and con-humid chamber for two hours at room temperature.
clusion of the study. The mean body weight was greaterAfter two 15-minute washes in buffer I, the sections were
in db/db mice compared to db/m controls throughout theequilibrated with developing buffer (100 mmol/L Tris/
experimental period, although diabetic animals stopped100 mmol/L NaCl/50 mmol/L MgCl2, pH 9.5) for five
gaining weight between ages 12 and 16 weeks, consistentminutes. The color reaction was developed by NBT/
with entry into an insulin-deficient catabolic state as re-BCIP (Boehringer) according to the manufacturer’s in-
ported in this rodent model [34, 35]. The treatment pro-structions. Quantitation was performed by computer
tocol did not affect body weight or blood glucose; sinceprogram IMAGE-PRO PLUS (Media Cybernetics, Sil-
the test compound binds to albumin and does not reactver Spring, MD, USA).
with free glucose, no effect on metabolic status was ex-
Glomerular pathology pected. The protocol was well tolerated by the mice and
had no obvious toxicity. Necropsy revealed no grossRandom sections (3 m thick) of the renal cortex were
pathology in major organs in the treated mice. Kidneystained with periodic acid-Schiff (PAS). Sections were
weights at the end of the study were significantly greatercoded and read by an observer unaware of the experi-
in diabetic compared to nondiabetic controls, and themental group from which they were derived. Ten glomer-
mean kidney weight was significantly less in the db/dbuli in the outer cortex were selected at random from each
mice that received test compound than in the db/dbanimal in each experimental group. Mesangial matrix
controls.fraction was determined as PAS positive material present
in the mesangial region, exercising care to exclude cellu-
Glycated albuminlar elements. The mesangial matrix area was calculated
Serum concentrations of glycated albumin in diabeticas the fraction of total glomerular tuft cross-sectional
animals were 40% higher than in nondiabetic mice atarea as previously described [19]. Values obtained with
this method were consistent with those reported by other the start of the experimental period, reflecting exposure
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Table 2. Glycated albumin concentrations mesangial expansion and increased mesangial matrix
encroaching on the capillary network [18, 19, 21]. Quanti-Glycated albumin
Age Group lg/mL tative glomerular morphometry indicated that the mes-
Baseline db/db control 1142114a angial matrix fraction in control db/db mice was approxi-
db/db treated 1312147a mately 3.6 times greater than in db/m mice (Fig. 3A). In
db/m control 94230
contrast, the mean mesangial matrix fraction in treatedMidpoint db/db control 1318145a
db/db treated 105051ab db/db mice was only 2.2 times greater than in nondiabetic
db/m control 90946 controls, representing a reduction in mesangial matrix
Conclusion db/db control 151160a
accumulation of more than 40% (Fig. 3A). Glomerulardb/db treated 112977ab
db/m control 103837 tuft surface area in db/db mice was 30% greater than in
db/m animals, and was unaffected by treatment with testExperimental animal groups are defined in Table 1. Serum glycated albumin
concentrations were measured as described in the text. compound (Fig. 3B).
a P 
 0.05 vs. db/m control
b P 
 0.05 vs. db/db control
Albumin excretion
Increased albumin excretion, the established parame-
ter of early diabetic renal dysfunction [36, 37], was pres-
to a hyperglycemic milieu during the preceding one to ent in the db/db mice by age eight weeks, and albumin
two weeks [2–4]. Glycated albumin concentrations in excretion remained significantly elevated in db/db con-
diabetic mice receiving test compound were significantly trols compared to db/m mice at levels consistent with
lower than in the corresponding diabetic controls at the those reported by other investigators using similar meth-
midpoint and conclusion of the study (Table 2). This sus- odology (Fig. 4) [38]. The db/db mice receiving test com-
tained reduction in glycated albumin occurred despite the pound showed a 45% reduction in albumin excretion
persistent and marked elevation in blood glucose concen- (Fig. 4). The absence of a significant difference in the
trations in the db/db mice treated with test compound. mean body weight in treated versus control diabetic mice
supports the interpretation that the decrease in albumin
Glomerular TGF-1 expression
excretion was not due to caloric deprivation, although
In situ hybridization studies demonstrated that glo- the lack of complete normalization of albumin excretion
merular TGF-1 expression was markedly increased in is consistent with the continued severe hyperglycemia.
db/db mice, consistent with previous observations [21].
Compared to nondiabetic mice, diabetic control mice
DISCUSSIONshowed a four- to fivefold selective increase in TGF-1
The results of these studies provide evidence that glo-mRNA in a mesangiocapillary pattern within the glomer-
merular overexpression of TGF-1 in diabetes derivesular tuft (Fig. 1 A–D). This increase was reduced by 45%
at least in part from the elevated circulating glycatedin diabetic animals that received test compound (Fig. 1E)
albumin concentrations associated with this disease. Gly-in which the treatment protocol significantly decreased
cated albumin is known to activate the TGF- systemglycated albumin but not glucose concentrations.
in glomerular mesangial and endothelial cells [9, 12], and
Matrix expression and glomerular morphometry treatment with anti-TGF- antibody has been shown to
prevent pathology in the db/db mouse [21], suggestingNorthern blot analysis indicated that corresponding
changes in renal ECM protein expression accompanied that TGF- may be the common downstream mediator
of deleterious factors promoting glomerular fibrosis inthe changes in TGF-1 expression. Steady state levels
of mRNAs encoding fibronectin and 1 (IV) collagen diabetes. The increased glomerular TGF-1 mRNA in
diabetic mice was significantly reduced in conjunctionwere significantly greater in the renal cortex from db/db
controls compared to nondiabetic db/m mice, as pre- with a lowering of serum glycated albumin concentra-
tions by test compound, consistent with the interpreta-viously reported (Fig. 2) [19, 21]. Densitometric scan-
ning of the exposed autoradiographs and calculation of tion that the associated amelioration of matrix protein
overexpression and glomerulosclerosis were mediatedECM protein mRNA levels in relation to the mrpL32
standard indicated that renal expression of fibronectin by this reduction in glomerular TGF-1.
The treatment protocol also decreased urine albuminwas normalized, and expression of 1 (IV) collagen was
significantly reduced, in db/db mice treated with test excretion in db/db mice, a finding of interest in view of
the report implicating increased glycated albumin tocompound (Fig. 2).
The increased renal ECM and TGF-1 expression in perm-selective changes in the glomerular basement
membrane that underlie albuminuria early in the coursedb/db controls at the conclusion of the study was accom-
panied by the glomerular histopathologic changes that of diabetes [39]. The lowering of urinary albumin in
association with normalization of serum glycated albu-have been described in this model, including diffuse
Cohen et al: Glycated albumin and glomerular TGF-b1 2029
Fig. 1. In situ hybridization with antisense transforming growth
factor-1 (TGF-1) riboprobe at age 16 weeks in db/m (A),
db/db (B), and db/db mice after 8 weeks of treatment with test
compound (C ). Sense TGF-1 riboprobe in 16-week-old saline-
treated db/db mouse showed absence of hybridization signal
as negative control (D). Quantitation (E ) was performed as
described in the text in each of 4 to 6 animals in each experimen-
tal group, and calculated as area of signal (2) divided by area
of glomerulus (2). *P 
 0.05 vs. db/m control; #P 
 0.05 vs.
db/db control.
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Fig. 2. Renal fibronectin (A) and1 (IV) col-
lagen (B) gene expression in experimental ani-
mals. Total RNA was extracted from snap-
frozen renal cortex when animals were killed
at the end of the study period. Fibronectin
and 1 (IV) collagen mRNA levels were cal-
culated in relation to mrpL32 after densito-
metric scanning of the exposed films. Results
represent mean  SEM of 4 to 6 animals in
each group when the ratio of fibronectin or
collagen IV mRNA to mrpL32 RNA in db/m
saline-treated mice is assigned an arbitrary
value of 1. *P  0.05 in db/db control () vs.
db/m (); #P  0.05 in db/db treated with
test compound ( ) vs. corresponding db/db
control.
Fig. 3. Mesangial matrix fraction (A) and
glomerular tuft surface area (B) in glomeruli
from nondiabetic db/m control mice () and
in diabetic db/db mice receiving saline () or
test compound ( ). *P  0.05 vs. nondiabetic
db/m; #P  0.05 vs. corresponding db/db con-
trol.
treatment did not affect albuminuria in db/db mice [21],
prompting the interpretation that TGF- is not a key
factor in the glomerular hemodynamic and permeability
changes responsible for proteinuria and/or that protein-
uria promotes progression of renal disease through acti-
vation of the tubulointerstitial TGF- system [40, 41].
Whereas our finding that the test compound lowered,
but did not normalize, urinary albumin does not negate
this interpretation, it does suggest that decreasing glycated
albumin may ameliorate proteinuria by TGF-1–inde-
pendent mechanisms. Further, the decreased urinary al-
bumin cannot be ascribed to inhibition of COX activity,
which can modulate pathological renal hemodynamics
contributory to diabetic nephropathy [42], since the test
compound has very low affinity for COX enzymes (IC50
600 mol/L compared to 1 mol/L for diclofenac).
Fig. 4. Urine albumin excretion measured at initiation, midpoint and Our data support the hypothesis that increased circu-
conclusion of the experimental protocol in nondiabetic db/m mice () lating concentrations of albumin modified by Amadoriand in diabetic db/db mice receiving gavage with saline () or test
glucose adducts plays an important role in the devel-compound ( ). N 	 6 in each experimental group. *P  0.05 vs.
db/m control at same age; #P  0.05 vs. corresponding db/db control opment of diabetic renal disease. Treatment with test
at same age.
compound, which normalized serum glycated albumin,
arrested structural, functional and cell biology abnor-
malities associated with diabetic nephropathy even though
the animals remained markedly hyperglycemic. Thus,min lends credence to this hypothesis. It is not clear if
inhibiting the formation of glycated albumin protecteda lessening of the stimulation of TGF-1 by glycated
against the nephropathogenic effects of this glycated pro-albumin contributed to this reduction in albumin excre-
tion. A recent study found that anti-TGF- antibody tein independent of anti-hyperglycemic therapy. It is un-
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cells: Evidence for a role in diabetic nephropathy. Molec Cell Bio-likely that inhibition of glycation of other serum proteins
chem 125:19–25, 1993
was responsible for the observed in vivo responses, since 8. Cohen MP, Hud E, Wu VY, Ziyadeh FN: Albumin modified by
Amadori glucose adducts activates mesangial cell type IV collagenabout 99% of this structural class of compounds binds
gene transcription. Molec Cell Biochem 151:61–67, 1995to serum albumin [26] and the preponderance of in vitro
9. Ziyadeh FN, Han DC, Cohen JA, et al: Glycated albumin stimu-
[6, 7, 9] and in vivo [18–20] evidence indicates that Ama- lates fibronectin gene expression in glomerular mesangial cells:
Involvement of the transforming growth factor- system. Kidneydori-modified albumin is the main circulating glycated
Int 53:631–638, 1998protein participatory in the pathogenesis of diabetic ne-
10. Cohen MP, Ziyadeh FN, Lautenslager GT, et al: Glycated albu-
phropathy. min stimulation of PKC- activity is linked to increased collagen
IV in mesangial cells. Am J Physiol 276:F684–F690, 1999Renal failure remains a common and serious problem
11. Cohen MP, Wu VY, Cohen J: Glycated albumin stimulates fibro-in patients with type 1 or type 2 diabetes. The traditional
nectin and collagen IV production by glomerular endothelial cells
approach to forestalling the onset or progression of dia- under normoglycemic conditions. Biochem Biophys Res Comm
239:92–94, 1997betic nephropathy has focused on optimizing the control
12. Chen S, Cohen MP, Lautenslager GT, et al: Glycated albuminof blood glucose, reducing systemic factors and, more
stimulates TGF-1 production and PKC activity in glomerular
recently, modulating hemodynamic influences [1, 43–46]. endothelial cells. Kidney Int 59:673–681, 2001
13. Cohen MP, Shea EA, Shearman CW: ERK mediates effects ofThese measures are not completely effective and, along
glycated albumin in mesangial cells. Biochem Biophys Res Commwith the recognition that strict glycemic control is diffi- 283:641–643, 2001
cult to achieve and may be associated with hypoglycemic 14. Sabbatini M, Sansone G, Uccello F, et al: Early glycosilation
products induce glomerular hyperfiltration in normal rats. Kidneyepisodes of unacceptable frequency or severity, is an
Int 42:875–881, 1992appreciation that diabetic patients may require treat- 15. Amore A, Cirina P, Mitola S, Perrizzi L: Nonenzymatically gly-
ments specifically targeted at the vascular complications cated albumin (Amadori adducts) enhances nitric oxide synthase
activity and gene expression in endothelial cells. Lab Invest 51:27–of this disease [47]. The inextricable links between gly-
35, 1997cated albumin-induced stimulation of glomerular TGF-1 16. Schalkwijk CG, Ligtvoet N, Twaalfhoven H, et al: Amadori
expression, increased extracellular matrix production and albumin in type 1 diabetic patients. Diabetes 48:2446–2453, 1999
17. Sakai H, Jinde K, Suzuki D, et al: Localization of glycated proteinsglomerular pathobiology, and the amelioration of these
in the glomeruli of patients with diabetic nephropathy. Nephrolabnormalities in the face of persistent hyperglycemia by Dial Transplant 11(Suppl 5):66–71, 1996
inhibiting the nonenzymatic glycation of albumin, sug- 18. Cohen MP, Hud E, Wu VY: Amelioration of diabetic nephropathy
with monoclonal antibodies against glycated albumin. Kidney Intgest that this approach represents a useful therapeutic
45:1673–1679, 1994strategy for preventing the progression of diabetic ne- 19. Cohen MP, Sharma K, Jin Y, et al: Prevention of diabetic nephrop-
phropathy. athy in db/db mice with glycated albumin antagonists: A novel
treatment strategy. J Clin Invest 95:2338–2345, 1995
20. Cohen MP, Clements RS, Cohen JA, Shearman CW: Prevention
ACKNOWLEDGMENTS of decline in renal function in the db/db mouse. Diabetologia
39:270–274, 1996This study was supported in part by grants EY11825, DK54143 and
21. Ziyadeh FN, Hoffman BB, Han DC, et al: Long-term preventionDK54608 from the National Institutes of Health, and by Exocell, Inc.
of renal insufficiency, excess matrix gene expression, and glomeru-
lar mesangial matrix expansion by treatment with monoclonal anti-Reprint requests to Margo P. Cohen, M.D., Institute of Metabolic
transforming growth factor- antibody in db/db diabetic mice. ProcResearch, University City Science Center, 3508 Market Street, Suite 420,
Natl Acad Sci USA 97:8015–8020, 2000Philadelphia, Pennsylvania 19104, USA.
22. Yamamoto T, Nakamura T, Noble NA, et al: Expression of trans-E-mail: drmpcohen@aol.com
forming growth factor  is elevated in human and experimen-
tal diabetic glomerulopathy. Proc Natl Acad Sci USA 90:1814–
1818, 1993REFERENCES
23. Nakamura T, Fukui M, Ebihara I, et al: mRNA expression of
1. DCCT Research Group: The effect of intensive treatment of growth factors in glomeruli from diabetic rats. Diabetes 42:450–
diabetes on the development and progression of long-term compli- 456, 1993
cations of insulin-dependent diabetes mellitus. N Engl J Med 329: 24. Moser P, Sallmann A, Wiesenberg I: Synthesis and quantitative
977–986, 1993 structure-activity relationships of diclofenac. J Med Chem 33:2358–
2. Cohen MP: Diabetes and Protein Glycation. Philadelphia, JC 2368, 1990
Press, 1996 25. Martinus AM, van Boekel P, van den Bragh JPC, Hoenders
3. Day JF, Ingelbretsen CG, Ingelbretsen WR, et al: Nonenzymatic HJ: Glycation of human serum albumin. Inhibition by diclofenac.
glycosylation of serum proteins and hemoglobin: Response to Biochim Biophys Acta 1120:201–204, 1992
changes in blood glucose levels in diabetic rats. Diabetes 29:524– 26. Chamouard JM, Barre J, Urien S, et al: Diclofenac binding to
527, 1980 albumin and lipoproteins in human serum. Biochem Pharmacol
4. Guthrow E, Morris MA, Day JF, et al: Enhanced nonenzymatic 34:1695–1700, 1985
glycosylation of serum albumin in diabetes mellitus. Proc Natl 27. Neuman G, Cohen M: Improved competitive enzyme-linked im-
Acad Sci USA 76:4258–4261, 1979 munoassay (ELISA) for albuminuria. Clin Chim Acta 179:229–
5. Cohen MP, Hud E: Measurement of plasma glycoalbumin levels 238, 1989
with a monoclonal antibody based ELISA. J Immunol Meth 122: 28. Meyuhas O, Klein, A: The mouse ribosomal protein L7 gene. Its
279–283, 1989 primary structure and functional analysis of the promoter region.
6. Ziyadeh FN, Cohen MP: Amadori glucose adducts modulate mes- J Biol Chem 265:11465–11473, 1990
angial cell growth and collagen gene expression. Kidney Int 45:475– 29. Fioretto P, Steffes MW, Mauer M: Glomerular structure in non-
484, 1994 proteinuric IDDM patients with various levels of albuminuria.
Diabetes 43:1358–1364, 19947. Ziyadeh FN, Cohen MP: Effects of glycated albumin on mesangial
Cohen et al: Glycated albumin and glomerular TGF-b12032
30. Mauer SM, Steffes MW, Ellis NE, et al: Structure function rela- 39. Doucet M, Londono I, Gomez-Pascal A, Bendayan M: Glomeru-
lar basement membrane selective permeability in short-term strep-tionship in diabetic nephropathy. J Clin Invest 4:1143–1155, 1984
31. Osterby R, Parving HH, Hommel E, et al: Glomerular structure tozotocin-induced diabetic rats. Int J Exp Diab Res 1:19–30, 2000
40. Remuzzi G, Betani T: Pathophysiology of progressive nephropa-and function in diabetic nephropathy: Early to advanced stages.
Diabetes 39:1057–1063, 1990 thies. N Engl J Med 339:1448–1456, 1998
41. Reeves WB, Andreoli TE: Transforming growth factor- contrib-32. Steffes MW, Bilous RW, Sutherland DER, Mauer SM: Mesan-
gial expansion as a central mechanism for loss of kidney function utes to progressive diabetic nephropathy. Proc Natl Acad Sci USA
97:7667–7669, 2000in diabetic patients. Diabetes 38:1077–1081, 1989
33. Hummel KP, Dica MM, Coleman DL: Diabetes, a new mutant 42. Komers R, Lindsley JN, Oyama TT, et al: Immunohistochemical
and functional correlations of renal cyclo-oxygenase-2 in experi-in the mouse. Science 153:1127–1128, 1966
34. Coleman DL, Hummel KP: Hyperinsulinemia in pre-weanling dia- mental diabetes. J Clin Invest 107:889–898, 2001
43. Lewis EJ, Hunsicker LG, Bain RP, Rohde RD: The effect ofbetic mice. Diabetologia 1:607–610, 1974
35. Chick WL, Like A: Studies in the diabetic mutant mouse. I. Physio- angiotensin-converting-enzyme inhibition on diabetic nephropa-
thy. N Engl J Med 329:1456–1462, 1993logical factors associated with alterations in beta cell proliferation.
Diabetologia 6:243–251, 1970 44. Lewis EJ, Hunsicker LG, Clarke WR, et al: Renoprotective ef-
fect of the angiotensin-receptor antagonist irbesartan in patients36. Mogensen CE: Prediction of clinical diabetic nephropathy in
IDDM patients: Alternatives to microalbuminuria? Diabetes 39: with nephropathy due to type 2 diabetes. N Engl J Med 345:851–
860, 2001761–767, 1990
37. Warram JH, Gearin G, Laffel L, Krolewski AS: Effect of dura- 45. Brenner BM, Cooper ME, de Zeeuw D, et al: Effects of losartan
on renal and cardiovascular outcomes in patients with type 2 dia-tion of type 1 diabetes on the prevalence of stages of diabetic
nephropathy defined by urinary albumin/creatinine ratio. J Am betes and nephropathy. N Engl J Med 345:861–869, 2001
46. Parving H-H, Lehnert H, Brochner-Mortensen J, et al: TheSoc Nephrol 7:930–937, 1996
38. Koya D, Haneda M, Nakagawa H, et al: Amelioration of acceler- effect of irbesartan on the development of diabetic nephropathy
in patients with type 2 diabetes. N Engl J Med 345:870–878, 2001ated diabetic mesangial expansion by treatment with a PKC-
inhibitor in diabetic db/db mice, a rodent model for type 2 diabetes. 47. Duh E, Aiello LP: Vascular endothelial growth factor in diabetes.
Diabetes 48:1899–1906, 1999FASEB J 14:439–447, 2000
